. Effects of self, induced and cross phase modulations on the generation of picosecond and femtosecond white light supercontinua. Revue de Physique Appliquee, 1987, 22 (12) Abstract. 2014 The effects of self, induced, and cross phase modulations on the generation of picosecond and femtosecond « white » laser pulses are reviewed. Recent measurements of cross and induced phase modulations are reported using femtosecond and picosecond laser pulses.
Supercontinuum generation, the generation of intense, ultrafast, and broad-spectral-width pulses, is the basis for a white-light laser source needed for numerous applications [1] [2] [3] [4] . An alternative coherent light source to the free electron laser, the supercontinuum laser source can be wavelength selected and coded simultaneously over wide spectral ranges (up to 10 000 cm-1) ,in the ultra-violet, visible and infrared regions at high repetition rates, gigawatt output peak powers, and femtosecond pulse durations. Ultrafast supercontinuum pulses have been used for time-resolved absorption spectroscopy [5] [6] and material characterization [7] . Supercontinuum generation is a key step for a pulse compression technique which is used to produce the shortest optical pulses [8] [9] . Future applications include signal processing, 3-D imaging, ranging, atmospheric remote sensing, and medical diagnosis [1, 3] .
The first study on the mechanism and generation of ultrafast supercontinuum dates back to the years 1969 to 1972 when Alfano and Shapiro observed the first « white » picosecond pulse continuum in liquids and solids [10] . Spectra extended over -6 000 cm-1 in the visible and IR wavelength region. They attributed the large spectral broadening of ultrafast pulses to self phase modulation (SPM) [11] [12] [13] [14] arising from an electronic mechanism, and laid down the formulation of the supercontinuum generation model [10, [15] [16] . Over the years, the improvement of mode-locked lasers led to the production of wider supercontinua in the visible, ultra-violet and infrared wavelength regions using various materials [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
A brief historical background of continuum generation is displayed in figure 1. Recently, researchers at the Institute for Ultrafast Spectroscopy and Lasers (IUSL) of City College of New York observed and investigated induced phase modulation (IPM) and cross phase modulation (XPM) effects in optical fibers, bulk glasses and liquids [33] [34] [35] [36] [37] [38] .
This paper reviews our latest work on supercontinuum generation in terms of self, cross, and induced phase modulations. The first section discusses the theory of self phase modulation and presents recent measurements of supercontinuum pulse properties. New spectral effects arising from cross phase modulation and induced phase modulation are presented in the second and third sections of this paper, respectively. XPM and IPM occur when laser pulses of different wavelengths propagate simultaneously and interact through the nonlinear susceptibility coefficient ~(3) [35, 80] . The [83] [84] . XPM describes phase modulations which are introduced by pump pulses on weaker pulses generated from the noise (stimulated Raman scattering, four photon parametric generation, ...). XPM is intrinsic to the generation process and is not controlled by the experimentator. IPM corresponds to phase modulations which are induced on a probe pulse by the experimentator using a command pulse.
Self phase modulation (SPM).
Nonlinear optical phenomena such as self phase modulation, stimulated Raman scattering, four photon parametric generation, harmonic generation, and three wave mixing are responsible for spectral broadening and frequency generation [39] [40] [41] 50] . Self [42] where A (z, t ) is the complex envelope of the electric field, k(n) = an k/aúJ n are evaluated at wo, the total refractive index n is defined by n 2 = X (1) + 3/4 ~(3)~n20+2n0n2|A(t)|2, y is for the medium losses, n2 = 1/2 n2 is the effective nonlinear refractive index, and the last term has been added to take into account the time retardation effect in X (3) Equation (2) is the third-order nonlinear and dispersive equation which has been found to describe the characteristics of femtosecond pulses propagating in optical fibers [43] . Equation (2) has been derived using the following approximations : 1) linearlypolarized electric fields, 2) homogeneous radial fields, 3) slowly-varying envelope, 4) isotropic and non magnetic medium, 5) negligible Raman effect, and 6) wavelength-independent nonlinear susceptibility X (3) .
In equation (2) The main physics of the supercontinuum generation is contained in equation (6) . As shown in figure 2a , the phase of a pulse propagating in a distorted medium becomes time-dependent. There is self phase modulation, and the electric field frequency is shifted (Fig. 2b) .
Since the pulse duration is much larger than the optical period 2 'TT / úJo (slowly-varying approximation), the electric field at each position T within the pulse shape has a specific local and instantaneous frequency which is given by The last term of equation (11) [16, 48, 49] The total spectral width à w (z) is given by [10] . The spectral broadening was attributed to SPM arising from the nonlinear response of media, primarily from electronic cloud distortion.
The measurements showed that spectra were much wider than predicted by the above theory using the pulse duration. The sub-structure of about 0.1 ps within the picosecond pulse emitted by a mode locked glass laser was needed to explain the broadening due to SPM.
In the following, we review the experimental evidences of SPM. tions of the input-pulse peak power a6, and sample length z. The experiment was performed using a singlemode optical fiber for which the peak power and interaction length could be better controlled than for bulk materials. In bulk materials, intense laser beams self-focus and break into instable filaments. Figure 4 shows a typical sequence of spectral broadening versus increasing input peak powers using 500 fs pulses. As for the other samples, the spectra were modulated. The spectral extent is plotted against input pulse energy in figure 5 . The relative energy of each pulse was calculated by integrating its total broadened spectral distribution. As predicted, the supercontinuum extent increased linearly with the input pulse intensity. The length dependence of spectral broadening is plotted in figure 6 . The broadening was independent of the optical fiber length. This arised because of pulse figure 7a there is slight modulation ; however, in figure 7b the modulation is very regular. The supercontinua were generated in self-focused filaments due to the long cell length. For [23, 51] . It has become an important characteristic of SPM broadened pulses used for pulse compression using optical fibers. The frequency sweep of supercontinuum pulses generated by 8 [52] . [52] .
recently measured in our laboratory with a 2 psresolution streak camera [52] . The results are in agreement with the above theory shown in figure 2b and figure 9 . Recently, Dorsinville et al. [53] generated supercontinuum pulses by focusing 25 ps-timeduration pulses into a 5 cm-long cell filled with D20. Using 10 nm-bandwidth narrow band filters, they were able to generate tunable pulses of less than 3-ps in the range 480-590 nm (Fig. 10) showing that for each narrow spectral band of a SPM pulse there corresponds a narrow pulse in time. Fig. 10 . -Streak camera temporal profile of the 530 nm incident laser pulse and 10 nm bandwidth pulse at 580 nm [53] . The 3-ps pulse was obtained by spectral filtering a SPM frequency continuum generated in D2O.
HIGHER ORDER EFFECTS ON SELF PHASE MOD-
ULATION. -A complete description of SPM-generated spectral broadening should take into account higher-order effects such as self-focusing, group velocity dispersion, self-steepening, and initial pulse chirping. These effects change the observed spectral and temporal profiles.
2.3.1 Self-focusing.
In the earliest experiments using ps-pulses, supercontinuum pulses were often generated in small-scale filaments which resulted from the self-focusing of intense laser beams [10] . Self-focusing arises from the radial dependence of the nonlinear refractive index n (r) = no + n2 E2(r) [54] . It has been observed in many liquids, bulk materials, and most recently in optical fibers [55] (2) leads to a symmetrical temporal broadening [56] [57] [58] [59] . A typical value for the broadening rate arising from k (2) is 500 fs/m.nm (in silica at 532 nm).
In the case of supercontinuum generation, spectral widths are generally large (several hundred of nm), but interaction lengths are usually small z 1 cm). Therefore, the temporal broadening arising from GVD is often small for picosecond pulses but is important for femtosecond pulses. Limitations on spectral extents of supercontinuum generation are also related to GVD. Although the spectral broadening should increase linearily with the medium length, i.e. âw (z)max ~ (lùO/C) n2 a2 Z/âT, it quickly reaches a maximum as shown in figure 6 . This is because GVD, which is large for pulses having SPMbroadened spectra, reduces the pulse peak power a 2 and broadens the pulse duration 0394. As shown in figure 8 , the linear chirp parameter is decreased by the GVD chirp in the normal dispersion regime. This effect is used to linearize chirps in the pulse compression technique.
The second-order term k(3) has been found responsible for asymmetrical distortion of temporal shapes and modulation of pulses propagating in the lowest region of silica optical fibers [60] . Since the spectra of supercontinuum pulses are exceptionally broad, this term should also lead to asymmetrical distortions of temporal and spectral shapes of supercontinuum pulses generated in thick samples.
2.3.3 Self-steepening.
Pulse shapes and spectra of intense supercontinuum pulses have been found to be asymmetric [61] . There are two potential sources for asymmetrical broadening in supercontinuum generation. The first one arises from the second order GVD term k (3 ). The second one is selfsteepening, which is intrinsic to the SPM process and occurs even in non dispersive media.
Due to the intensity and time dependence of the refractive index, n = no + n2 E (t )2, the supercontinuum-pulse peak sees a higher refractive index than its edges. Because of v = c/n, the pulse peak travels slower than the leading and trailing edges. This results in a sharpened trailing edge. [76] [77] . Extending the work of Gersten, Alfano and Belic, Manassah obtained analytical solutions for Raman pulse shapes in presence of pulse walk-off [78] . Very recently, our group measured and characterized the spectral effects of XPM on picosecond pulses propagating in optical fibers [36] [37] [38] .
In the followings theory and the latest experimental results of XPM using picosecond pulses in optical fibers and femtosecond pulses in ethanol are highlighted. [76] [77] . The second approach uses the derivation of analytical solutions with some approximations. It was first developed by Gersten et al. [35] and recently extended by Manassah [78] .
In the presence of co-propagating Raman and pump pulses the nonlinear polarization can be approximated (instantaneous response, etc.) by where P and R refer to the pump and the Raman electric fields, respectively. The anti-Stokes Raman is neglected. Substituting equation (18) into equation (17) and keeping only terms synchronous with either pump or Stokes carrier frequency, the nonlinear polarization becomes [76] where x r and X pm are the imaginary and real parts of X (3). .
The nonlinear polarization at the pump (or Raman) frequency depends not only on the peak power, but also on the Raman (or pump) peak power. This is an impôrtant fact which should have general implications in processes where several pulses propagate simultaneously in the same or opposite direction (stimulated Raman scattering, stimulated four photon mixing, cross talk, soliton interaction [79] , frequency multiplexing [80, 81] , temporal modulation instabilities, [82, etc.] ) at different frequencies.
Using the expressions of P(NL)P and P(NL)R in the nonlinear wave equation, Schadt et al. derived the nonlinear and dispersive equations for Raman and pump pulses [76] [77] . In the first-order approximation, assuming small Raman conversion, neglecting losses and group velocity dispersion but keeping the pulse walk-off, the pump envelope A p (20) are given by [78] where F and G are the initial pump and Raman pulse shapes ; and ip (z, t ) is the pump-Raman overlap function which plays a significant role on the temporal and spectral shapings of the Raman pulse.
The XPM-affected spectral distribution of the Raman pulse is readily obtained by computing the Fourier transform of the complex envelope AR(z, t ).
As shown by equation (21d), the Raman pulse yields a cross phase modulation 03B2 (z, t ) generated by the co-propagating pump pulse. This dephasing is linearly proportional to the pump intensity and the overlap function 4r (z, t). The time derivative of {3 (z, t) leads to frequency shifts and spectral broadening as in the SPM case. The pulse walk-o f f is important for its introduces an asymmetry in the cross phase modulation (assuming the Raman pulse has an initial pulse shape G (T )). The Raman pulse goes faster than the pump pulse in the normal dispersion regime. The cross phase peak lags behind the Raman peak and the pulse sees mainly the dephasing corresponding to red-shifted frequencies originating from the laser pulse front. Consequently, 1) the Raman peak is shifted toward the Stokes frequencies, and 2) the spectral broadening is larger for Stokes frequencies.
In the dispersionless approximation, the Raman/pump broadening ratio can be estimated by [35] 3.2.1 XPM o f picosecond pulses in optical fibers [36] [37] .
Emission spectra of 25-ps pulses propagating in a 10-m long singlemode optical fiber are shown in figure 12 as a function of the pump pulse energy. The spectrum of weak pump pulses is shown in figure 12a . The narrow spectral width is resolutionlimited at 0.2 nm. For higher input energies, SPM, SRS and XPM affect the pulse propagation, and significantly change the spectra. Figure 12b shows the spectral intensity distributions of the pump and first Raman lines. The Raman shift is about 440 cm-1 which is characteristic of SRS shifts in silica. As predicted, the Raman line, which is broadened by SPM and XPM, ils wider than the laser line. For increasing pump pulse energy the Raman WAVELENGTH (nm) (Fig. 12c) Figures 13 and 14 show spectra of Stokes and antiStokes Raman lines as a function of pump intensity. These spectra were obtained using 1 mJ-500 fs pulses slightly focused into a 20 cm-long cell filled with ethanol. A low-intensity Stokes Raman spectrum is shown in figure 13 . For higher input pump energies, Stokes Raman spectra were broadened by SPM and XPM. Spectral shapes were similar to those measured for picosecond Raman pulses generated in optical fibers (Fig. 12) . In particular, the spectra were asymmetrically broaden towards the longest wavelengths which is characteristic of the pulse walk-off. Typical spectra of the anti-Stokes Raman line are displayed in figure 14 . They were as wide as Stokes spectra but with tails pointing towards the shortest wavelengths. This asymmetry can also be explained by the XPM theory if we assume the Raman pulse has an initial shape. Anti-Stokes Raman pulses propagate slower than pump pulses. As a consequence of the walk-off, the Raman pulse sees mainly the nonlinear phase produced by the pump-pulse trailing edge. More blue-shifted frequencies are generated about the anti-Stokes Raman line and the broadening is enhanced toward the shortest wavelengths. These are signatures of walk-off. One should notice that modulations on the right side of the spectra are coming from the SPM pump broadening. Experimental results are shown in figure 15 . A weak supercontinuum signal was measured when only the 527-nm pulse propagated into the sample. An enhanced supercontinuum signal was observed when both pulses were sent through the sample. The average energy of the supercontinuum spectrum contained in the band 410-660 nm was calculated, by spectral integration, to be 11 times larger in the presence of 1 054-nm pump pulses than with the 527-nm probe pulses only.
Since the supercontinuum generation of picosecond pulses can arise either from phase modulation or from four photon parametric generation Fig. 15. -Spectrum of an induced ultrafast supercontinuum pulses (IUSP) generated by induced phase modulation (IPM), and spectrum of an supercontinuum pulse (USP) generated by self phase modulation [34] .
(FFPM), it is important to differentiate the respective contributions. In bulk materials, four photon parametric frequencies are generated in angular wing patterns whose angles are determined by the phase matching conditions. SPM frequencies are generated collinearly to the beam propagation. Therefore, spatial filtering can be used to separate and measure each contribution. In the inducedcontinuum experiment, we found the FFPM contribution to the spectral energy to be less than 1 %.
Thus, the observed continuum enhancement was attributed to the induced phase modulation mechanism which satisfied the collinear geometry. In figure 16 we have plotted the spectra of 532-nm pulses measured for the two cases. In figure 16a the spectrum of probe pulses having propagated alone in the fiber peaks at 532 nm and is fairly symmetrical in shape. The spectrum of 532-nm pulses having copropagated with 100 times more intense 1 064-nm pulses is shown in figure 16b . In this latter case, the 532-nm spectrum profile became about three times broader, and had its peak shifted towards the antiStokes frequencies by about 0.4 nm. The shape was also distorted towards the shortest wavelengths. The spectral broadening and peak shift of probe 532 nm pulses are plotted, in figures 17 and 18, versus increasing 1 064 nm pump intensities, respectively. The IPM signatures are comparable to the XPM features described in section 3. This is not surprising since IPM and XPM are similar phenomena. However, in the XPM experiment, the Stokes Raman peak was shifted towards the Stokes frequencies and the broadening was enhanced for Stokes frequencies.
The difference is understandable since these asymmetrical features arise from the pulse walk-off. In the XPM experiment the 532-nm pump pulse propagated slower than the 542.5-nm Raman pulse which resulted in a Stokes spectral shift. However, in the IPM experiment the 1 064-nm pump pulse propagated faster than the 532-nm probe pulse which resulted in an anti-Stokes spectral shift.
The shift of IPM spectral profiles can be explained as shown in figures 19 . The pump pulse (1 064 nm) induces a nonlinear phase at the probe frequency of 532 nm. Due to the group velocity mismatch, the point of maximum phase is generated ahead of the probe pulse peak (Fig. 19) . Consequently, the probe pulse sees only the trailing part of the phase induced by pump pulses, which is quasi-linear and can be approximated by where 5 cl) 0 is the slope of the trailing part of the induced phase and 0 0 is an arbitrary pulse. The frequency shift of the entire profile generated by this dephasing is given by which is the same all over the pulse shape (Fig. 19b) . Therefore, the pulse, which had a frequency distribution centred around 03C90 in the absence of the pump pulse, has its frequency distribution uniformly shifted by 8 w o (anti-Stokes shift) in the presence of strong pulses.
When the probe pulse is strong enough to generate SPM by itself, there is a combined effect of SPM and (Fig. 20) . The IPM dephasing a IPM and SPM dephasing a SPM add. As a result, the probe line simultaneously broadens and shifts. One should notice that in the above IPM experiment using optical fibers, a strong energy conversion from 1064 nm to 532 nm occurred from four photon parametric generation. It is likely that combined SPM and XPM effects occurred. The controllable frequency shift of IPM involves the electronic response of materials. Theoretically, the frequency shift could be turned on and off in a few femtoseconds. Therefore, IPM can be important for optical computing and frequency multiplexing of femtosecond pulses.
Conclusion.
Supercontinuum generation refers to the generation of bursts of « white » light, which can be obtained by passing intense femtosecond and picosecond pulses through almost any medium. Due to the nonlinear response of the medium, the pulse envelope yields a phase modulation which initiates the wide frequency broadening (up to 10 000 cm-'). The phase modulation of a pulse can be generated either by the pulse itself, a co-propagating pump pulse, or a co-propagating command pulse. These different configurations are called self phase modulation (SPM), cross phase modulation (XPM) and induced phase modulation (IPM), respectively. Both XPM and IPM refer to the phase modulation of a weak pulse by a strong co-propagating pulse of different frequency. However, they are qualitatively different processes. In the XPM scheme, the weak pulse (e.g. the Raman pulse) is generated from the noise, amplified and spectrum broadened by the pump pulse. The pumpprobe frequency difference must satisfy the momen-tum conservation law (e.g. the Raman shift frequency of the medium), and there is no external control of the phase modulation. In the IPM case, the weak pulse is generated independently from the pump pulse and outside of the interactive medium. Furthermore, the IPM phase modulation of the weak pulse can be controlled by the experimentator by modifying the command pulse characteristics (peak power, central frequency and time delay). This spectral control is important for it is based on the electronic response of the interaction medium.
Consequently, it could be tumed on and off in a few femtoseconds which could lead to important applications such as ultrafast optical computing, frequency multiplexing, and tailoring spectra of ultrashort optical pulses.
In this paper, the theoretical and experimental approaches for SPM, XPM and IPM in the process of supercontinuum generation have been described. Moreover, insights have been given on higher order effects arising from group velocity dispersion, selfsteepening, self-focusing, initial pulse chirping, and pulse walk-off. Measurements of SPM have been reviewed, and the newest observations of XPM and IPM effects for femtosecond and picosecond pulses have been presented and their signature described.
